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Abstract. A phosphooligosaccharide has been pro- 
posed as a second messenger of insulin. It is believed to 
be structurally related to the carbohydrate moiety of 
phosphatidylinositol glycan anchors of many cell sur- 
face proteins. Herein we demonstrate that [32p]phos- 
phate in freshly isolated adipocytes and [3H]galactose 
in cultured hepatoma cells (H4IIE) labeled the same 
set of three different glycolipids. With all three, the ra- 
diolabel was made water soluble by phosphatidylinosi- 
tol(glycan)-specific phospholipase C or D catalyzed 
hydrolysis. We isolated the three phospholipase 
C-released substances. One of them was susceptible to 
nitrous acid deamination, indicative of a hexosamine 
with a free amino group. This phosphooligosaccharide 
structure had an apparent molecular mass between 
tetra- and pentaglucose by gel filtration. By anion- 
exchange chromatography it was separated into two 
differently charged and interconvertible species. Adi- 
pocytes stimulated with insulin accumulated the nitrous 
acid sensitive phosphooligosaccharide: after stimula- 
tion the intracellular level of free phosphooligosaccha- 
ride increased threefold within 5 min, fell off during the 
next few minutes and then remained at a slightly ele- 
vated level. After insulin stimulation the intracellular 
concentration of free phosphooligosaccharide was 
>l,000-fold higher than in the incubation medium. 
When prepared from rat livers on a preparative scale, 
the oligosaccharide was also found to exhibit insulino- 
mimetic effects on protein phosphorylation of insulin 
target proteins in intact adipocytes. After subcellular 
fractionation of adipocytes the lipid-bound [32p]phos- 
phooligosaccharide of the plasma membrane was found 
to be localized in plasma membrane domains appar- 
ently corresponding to caveolae. Lipid-bound 
[3ZP]phosphooligosaccharide was found also in the mi- 
crosomal fraction. 
T 
HE mechanisms for the acute effects of insulin action 
remain incompletely known in spite of detailed char- 
acterization of its cellular receptor, established tar- 
get proteins' reversible phosphorylation in response to the 
hormone and identification of a  large number of insulin 
activated protein kinases. Recently a pathway for growth 
factor control of nuclear events was described (Egan and 
Weinberg, 1993).  Insulin may use the same pathway for 
some of its long-term effects, e.g., stimulation of mitogene- 
sis  (T6rnkvist et al.,  1994; White  and Kahn, 1994),  and 
parts thereof for its short-term effects. 
A few years ago the concept of second messengers in in- 
sulin action was revived in the form of a phosphorylated 
oligosaccharide or phosphoinositol glycan (Jarett  et  al., 
1981; Lamer et al., 1981; Kelly et al., 1986; Saltiel and Cua- 
trecasas, 1986; Kelly et al., 1987a,  b; Mato et aL, 1987a). In 
support  of this  concept  we  demonstrated  that  a  crude 
preparation of the phosphooligosaccharide faithfully mim- 
icked the effects of insulin on protein phosphorylation and 
dephosphorylation in intact rat  adipocytes (Alemany et 
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al.,  1987), but insulin's enhancement of glucose transport 
was  not  affected  by  the  oligosaccharide  (Kelly  et  al., 
1987b).  The precursor  of the  phosphooligosaccharide is 
believed to be a glycolipid, a phosphatidylinositol glycan, 
which upon hydrolysis by phospholipase C gives rise to the 
phosphooligosaccharide and  diacylglycerol. With  this  in 
mind we demonstrated that specific diacylglycerols could 
mimic the effect of insulin to stimulate glucose transport in 
adipocytes, thus suggesting a unifying model of insulin sig- 
nal transduction in short-term metabolic control, involving 
the  dual  mediators  phosphooligosaccharide  and  diacyl- 
glycerol (Strhlfors, 1988). 
A feature of the phosphooligosaccharide is its structural 
kinship to a  number of well-characterized phosphatidyl- 
inositot glycan anchors that attach many proteins to the 
plasma membrane (Thomas et al., 1990). The phosphooli- 
gosaccharide is thus believed to contain inositolphosphate, 
hexosamine with a  free  amino group  and  a  number  of 
monosaccharide residues  (Saltiel and Cuatrecasas,  1986; 
Mato et al.,  1987a, b;  Merida et al.,  1988; Macaulay and 
Larkins, 1990; Gaulton, 1991; Suzuki et al., 1991; Gottschalk, 
1992). 
The lack of structural data, which are lacking because 
the oligosaccharide has not yet yielded to attempts to pu- 
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Direct determination of chemical constituents have been 
done on crude and ill defined preparations only. Metabolic 
labeling experiments have been challenged as irreproduc- 
ible in recent investigations (Deeg et al., 1992; Whatmore 
et al., 1993). Here we demonstrate the isolation of radiola- 
beled phosphooligosaccharide that has insulin effects on 
target protein phosphorylation in adipocytes. The phospho- 
oligosaccharide is associated with caveolae-rich fractions 
of the plasma membrane, it is released in a phospholipase 
catalyzed reaction, and it rapidly accumulates in adipocytes 
when they are stimulated by insulin. 
Materials and Methods 
Materials 
[32p]Phosphate and D-[3H]galactose were obtained from Amersham Inter- 
national (Amersham, UK), Sprague Dawley rats from Alab (Stockholm, 
Sweden), and H4IIE hepatoma cells from American Type Culture Collec- 
tion (Rockville, MD). All solvents used were of pro analysis quality or 
better and were supplied by Riedel de Haen (Seelze, Germany) or Merck 
(Darmstadt, Germany). Porcine insulin was from Novo Nordisk Biolabs 
(Copenhagen, Denmark). Phosphatidylinositol phospholipase C from Ba- 
cillus cereus  and glycosyl-phosphatidylinositol phospholipase D  from bo- 
vine serum were from Boehringer Mannheim GmbH (Mannheim, Ger- 
many). Mouse anti-caveolin monoclonal antibodies was from Chemicon 
Intl. Inc. (Temecula, CA). Polyclonal rabbit anti-glucose transporter-4 and 
anti-glucose transporter-1  antibodies  were  from  Calbiochem-Novabio- 
chem (La Jolla, CA), and polyclonal rat anti-Na,K-ATPase alpha 2 sub- 
unit fusion protein (Shyjan and Levenson, 1989)  from Upstate Bioteeh- 
nology,  Inc.  (Lake  Placid,  NY).  Suppliers  of  other  materials  and 
equipment are indicated below. 
Isolation and Incubation of  Adipocytes 
Adipocytes were prepared from the epididymal fat pads of Sprague Daw- 
ley rats (120-180 g) by collagenase digestion (Str~lfors and Honnor, 1989). 
Cells (final concentration 100 }xl packed cell volume per ml) were freshly 
incubated  in  Krebs-Ringer buffer (0.13  M  NaCl,  5  mM KCI,  2.5  mM 
CaCI2,  1.2 mM MgSO  4, 0.5 mM KHEPO4 ) containing 20 mM Hepes, pH 
7.40, 3.5% (wt/vol) defatted bovine serum albumin, 100 nM phenylisopro- 
pyladenosine, 0.5 U/ml adenosine deaminase and 2 mM D-glucose, at 37°C 
on a shaking waterbath. Cells were labeled with [32p]phosphate (1 mCi/ 
ml) for 2 h (Strhlfors and Honnor, 1989). 
Incubations with [32p]phosphate were terminated by removing the ra- 
dioactive medium and washing the cells three times in incubation medium 
without radiolabel. Insulin at 1 nM concentration was then added (and in 
parallel a control incubation without insulin) and the cells were incubated 
for the indicated time periods. Incubation medium was collected by cen- 
trifugation and immediately frozen. The packed cells were dispersed in 
methanol and frozen. 
Hepatoma Cell Culture and Incubation 
Rat hepatoma cells H4IIE were grown in DMEM medium (GIBCO BRL, 
Gaithersburg, MD) containing 5.5 mM glucose, 10% fetal calf serum, 50 
UI/ml penicillin, and 50 ~g/ml streptomycin in a humidified 5%-CO2 at- 
mosphere at 37°C.  At confluence cells were labeled by incubating with 
D-[3H]galactose for 18 h. Incubations were terminated by removing the in- 
cubation medium and washing three times with medium lacking the radio- 
label, removing the medium, and adding methanol. The H4IIE cells were 
responsive to insulin as evidenced by stimulation of glycogen synthesis 
and of DNA synthesis three- to fourfold by the hormone (T6rnkvist et al., 
1994). 
Extraction of Cellular Water-soluble Substances 
and Lipids 
Cellular lipids were extracted with CHaOH/CHC13/0.1  M KCI/HC1 (1:2:1: 
0.01 by vol). The aqueous phase (cytosolic fraction) was collected and an- 
alyzed as described below. 1 vol CHCI3 and silicic acid (preactivated by 
heating at ll0°C)was then added to the lipid-containing organic phase. 
After 30 min the solvent was decanted off and the silicic acid washed twice 
with CHC13/CH3OH/HCI (6:1:0.04  by vol) and then twice with the same 
solvent mixture excluding the HCI. Polar lipids were eluted from the si- 
licic acid using four extractions with CH3OH at 37°C (Mato et al., 1987a). 
The eluted material was evaporated to dryness under vacuum. 
The aqueous phase, containing the water-soluble substances, was dried 
down under vacuum and fractionated by gel filtration (Biogel P2, 1.6 × 50 
cm; Biorad Labs., Richmond, CA) in 0.5% (vol by vol) CH3COOH. The 
eluate between 1.8 ×  v0 and 2.2 ×  v0 (approximately the elution positions 
of hexaglucose and triglucose, respectively) was collected and subjected to 
HPLC partition chromatography on GlycoPak N (below). 
Separation of Polar Lipids by 
Thin-Layer Chromatography 
The extract of polar lipids was applied to a silicic acid plate (10 x  10 cm, 
HPTLC; Merck, St.  Louis, MO)  and developed in CHCla/CHaOH/Ace- 
tone/CH3COOH/H20  (10:2:4:2:1  by vol).  The  indicated  area  was then 
scraped off the dried plate and lipids extracted from the silicic  acid with 
methanol as above. This lipid fraction was applied to a second thin-layer 
plate  developed  in  CHCla/CH3OH/NH4OH/H20  (45:45:3.5:10  by  vol) 
(Mato et al., 1987a).  The indicated region was scraped off the plate and 
this lipid fraction was extracted from the silicic acid as above. 
Hydrolysis with Phosphatidylinositol(Glycan)-specific 
Phospholipase C or D 
The lipids obtained from the thin-layer chromatographies were suspended 
in a small volume of 25 mM Tris-borate buffer, pH 7.5, or sodium phos- 
phate buffer, pH 6.8. The pH was determined and, if necessary, adjusted 
with 1 M Tris-base. Phosphatidylinositol-specific  phospholipase C from B. 
cereus or glycosyl-phosphatidylinositol phospholipase D  from bovine se- 
rum, respectively, was added and the mixture incubated for 3 h at 37°C. At 
the end of the incubation period 1 vol of CHCIa/CH3OH/HC1 (2:1:0.005) 
was added and the mixture vortexed. The aqueous phase was collected 
and dried under vacuum. 
HPLC Partition-Chromatography, Gel Filtration, and 
Ion-Exchange Chromatography 
A  polymeric  HPLC  packing,  developed  for  partition-chromatography 
separation  of oligosaccharides  (GlycoPak  N;  MilliporeCorp.,  Bedford, 
MA), was operated isocratically at 0.3 ml per min with CH3CN/H20 (65: 
35 by vol) as the mobile phase. Samples were dissolved in 0.2 ml CH3CN/ 
H20  (50:50  by vol) and fractions of 0.6 ml were  collected.  The break- 
through volume corresponded to fraction 7. 
For analytical gel filtration of the radiolabeled substances Biogel P2 
(1.0 ×  30 cm; Biorad Labs.) in 50 mM CH3COONH4, pH 6.0, was used at 
0.1 ml per min and 0.4-ml fractions were collected. Samples were evapo- 
rated to dryness and dissolved in the equilibration buffer. The gel filtra- 
tion column was calibrated with a  partial  hydrolyzate of Dextran T500 
(Pharmacia  LKB  Nuclear,  Gaithersburg, MD):  0.1  g  Dextran  in  1  ml 
0.1 M HCI for 4 h at 100°C, followed by lyophilization. 
Anion-exchange chromatography was performed at pH 6.0 on MA7P+- 
column (4.6 ×  30 mm; Biorad Labs.) equilibrated in 5 mM CHaCOONH  4 
at 0.5 ml/min. Samples were evaporated to dryness and applied in equili- 
bration buffer and eluted with a linear gradient to 1 M CH3COONH4 over 
20 min. 
Subcellular Fractionation and Immunoblotting 
Adipocytes were prelabeled with [32p]phosphate and homogenized in 10 
mM Tris-HC1, pH 7.4, 1 mM EDTA, 0.25 M sucrose (with protease inhib- 
itors 10 ixM leupeptin, 1 p.M pepstatin, 1 I~M aprotinin, and 0.5 mM phe- 
nylmethylsulfonyl fluoride) using a motordriven teflon/glass homogenizer 
at room temperature. All subsequent procedures were carried out at 0-4°C. 
A  plasma membrane-containing fraction was obtained by centrifugation 
at 16,000 g for 20 min (Oka and Czech, 1984). The pellet was resuspended 
in 25 mM Hepes, pH 7.1,  0.15  M  NaCl.  Half of this plasma membrane 
fraction  was  treated  with  1%  (wt/vol)  Triton  X-100  till  the  solution 
cleared and solid sucrose was added to 40%  (wt/vol).  The solution was 
transferred to a centrifuge tube and layers of 25 and 0% sucrose were suc- 
cessively layered on top of it. After centrifugation at 200,000 g (average) 
for 6.5 h  (TLS-55  rotor;  Beckman Instrs., Fullerton,  CA), the material 
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lae-rich fraction  (Sargiacomo et al.,  1993; Chang et al.,  1994).  The mi- 
crosomal fraction was pelleted by centrifugation of the 16,000-g superna- 
tant at  160,000 g  (average) for 60 min (SW41  rotor; Beckman). Highly 
purified plasma membranes were isolated by sucrose density gradient cen- 
trifugation of the 16,000-g membranes (McKeel and Jarett, 1970; Karnieli 
et al., 1981)  and a  caveolae-rich fraction was isolated from this plasma 
membrane preparation as above. 
After SDS-PAGE (10% acrylamide) separated proteins were electro- 
phoretically transferred to a polyvinylidene difluoride blotting membrane 
(Immobilone-P; Millipore) in 25 mM "lris, 190 mM glycine, 20% (vol/vol) 
methanol, 0.05%  (wt/vol) sodium dodecyl sulfate, at 50 mA for 20 h. The 
membrane was rinsed with water and stored dry until probing with anti- 
body. The wetted membrane was saturated with gelatin, dry milk, or bo- 
vine serum albumin with 0.1% (wt/vol) Tween-20. After this blocking pro- 
cedure  the  membrane  was  incubated  with  anti-caveolin  monoclonal 
antibodies, anti-glucose transporter-4 antibodies, anti-Na,K-ATPase al- 
pha 2 subunit antibodies, or anti-glucose transporter-1 antibodies in the 
same solution for 1 h. Bound antibodies were then detected with horse- 
radish peroxidase conjugated anti-rabbit IgG, adhering to the ECL proto- 
col and reagents from Amersham. 
Miscellaneous Procedures 
For large scale preparation of phosphooligosaccharide, rat livers (300 g) 
from 120-180-g male rats were homogenized in 0.9% NaCl and a mem- 
brane fraction isolated by successive centrifugations at 5,000 g for 5 min 
and 30,000 g for 3 h. The high-speed membrane pellet was extracted and 
lipids fractionated in the same way as described above for radiolabeled 
cells (Mato et al., 1987a). 
For analysis of protein phosphorylation, adipocytes were isolated and 
prelabeled with [32p]phosphate as described above. Substances were ex- 
amined for effects on protein phosphorylation by addition of adipocyte 
suspension (70 ~l packed cell volume per ml final concentration) to tubes 
with the substances to be tested and incubation for 30 min at 37°C on a 
shaking water-bath as described (Alemany et al., 1987). Total cell proteins 
were then prepared for SDS-PAGE as described (Strhlfors and Honnor, 
1989). 
For nitrous acid deamination, samples were dried down under vacuum 
and redissolved in 40 pJ 50 mM sodium acetate, pH 4.0, containing 0.25 M 
sodium nitrite and incubated at room-temperature (ca 23°C) for 3 h (Fer- 
guson, 1988). Incubations were terminated by drying under vacuum and 
the immediate application to HPLC partition-chromatography (above). 
Radioactivity determinations were done by liquid scintillation counting 
(Ready-Gel; Beckman) or for 32p, in experiments with sufficient radioac- 
tivity, by its cerenkov-radiation. 32p-labeling  patterns on thin-layer chro- 
matography plates or dried SDS-PAGE gels were visualized by radio- 
imaging (Fujix Bas  1000 bioimaging analyzer; Fuji) or autoradiography 
with Hyperfilm 13-max (Amersham), respectively. 
Protein determination was carried out according to Bradford (1976). 
Results 
Isolation of [32p]Phosphooligosaccharide from 
[32p]Phosphate-labeled Adipocytes 
Freshly isolated rat adipocytes were incubated with [32p]phos- 
phate (Fig. 1) and a lipid extract (see Materials and Meth- 
ods) of the cells was applied to thin-layer chromatography 
in an acidic mobile phase (Fig. 2 a). Radiolabeled material 
in the indicated area (2.2  x  104 cpm) was taken to a sec- 
ond thin-layer chromatographic separation in a basic mo- 
bile phase (Fig. 2 b). The material in the indicated area (7 
x  103 cpm) was subjected to hydrolysis by phosphatidyl- 
inositol-specific phospholipase C from B. cereus  and parti- 
tioned between CHC13 and water-CH3OH. The material 
that  partitioned  into  the  water-phase  was  analyzed  by 
thin-layer chromatography in the same basic solvent sys- 
tem (Fig. 2 c): The band labeled 5 represents part of the 
unhydrolyzed  polar-lipid  material  that  partly  partitions 
into the water-phase and band 1 is material that has bound 
"irreversibly" at the sample application. Bands 2, 3 (bands 
[3  2  P}phosphate-labelled  IBH]galactose-labelte d 
adipocytes  hepatoma cells 
I  lipid extraction  I 
I acidic thin-Jayer  chromatoqraphy I 
I basic thin-layer  chromatoqraphy I 
I  phospholipase C hydrolysis  ] 
J 
I  basic thin-layer chromatography I 
band 3  band 4  band 2 
j  OlycoPak N  I  [  GlycoPak N  ] 
peak I  peak II  peak III  fl:9-peak  peak I  peak II  peak III 
I  nitrous acid  j 
I  GlycoPak N  I 
peak IV 
Figure 1.  Outline  of isolation  and  identification of phosphooli- 
gosaccharide. 
2 + 3:1 X 103 cpm), and 4 (1 ×  103 cpm) represent material 
that  has  been produced  by the  phospholipase  catalyzed 
hydrolysis (and correspond to 30% of the labeled lipid ma- 
terial). Bands 2, 3, and 4 partitioned virtually completely 
into the water-phase, since they were not detectable in the 
organic-phase (not shown). Phosphatidylinositol is also a 
substrate  for this  lipase,  but we  verified that  it  was  re- 
moved by the combined thin-layer chromatographies. All 
Figure 2.  Autoradiograph  of thin-layer chromatography of lipid 
extract from 32p-labeled adipocytes. Isolated adipocytes were in- 
cubated  with  [3Zp]phosphate  and  lipids  were  extracted  as  de- 
scribed in Materials and Methods. (a) First thin-layer chromatog- 
raphy in acidic mobile phase. The indicated area was scraped off 
the plate and lipids extracted with methanol for (b), second thin- 
layer chromatography in basic mobile phase. The indicated area 
was scraped off the plate and subjected to treatment with phos- 
phatidylinositol-glycan-specific phospholipase C.  (c)  Polar,  wa- 
ter-soluble  products  were  extracted  by  two-phase  partitioning 
(Materials  and  Methods)  and  rechromatographed  in  the  basic 
mobile phase. Numbers indicate the different radiolabeled sub- 
stances that were detected, arrow indicates application origin. 
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phosphatidylinositol-glycan-specific  phospholipase D, with 
similar mobilities in the  thin-layer chromatography (not 
shown). 
The  highly  specific phosphatidylinositol(glycan) phos- 
pholipase C thus released water-soluble products from the 
lipid-isolate.  These  polar  products  were  separately  ex- 
tracted from the silicic  acid and further analyzed by col- 
umn partition chromatography on a polymeric stationary 
phase (GlycoPac N). The three substances eluted as dis- 
crete peaks  of radioactivity (Fig.  3,  peak positions I, H, 
and III) (Fig. 3, a and c, the identity of peak I, respectively, 
was demonstrated by nitrous acid cleavage and partition- 
chromatography and  by gel  filtration, not  shown).  This 
identification  of  GlycoPak  N  partition-chromatography 
peaks  with  thin-layer chromatography bands  was  ascer- 
tained by back-chromatography on thin-layer plates of the 
isolated peaks (not shown).  Phosphatidylinositol-glycan- 
specific phospholipase D-generated bands exhibited chro- 
matographic  behaviors on  the  GlycoPak N-column  that 
were the same as those generated with the C-type-specific 
phospholipase (not shown). 
A  unique  feature  of hexosamine,  with  a  free  amino- 
group, in glycosidic linkage is its susceptibility to cleavage 
by nitrous acid deamination at pH 4. This treatment has 
been shown  to release inositolphosphate  and the  short- 
ened glycan from the well-characterized phosphoinositol 
glycans of protein anchors (Rosenberry et al.,  1989).  The 
three peaks from the GlycoPak N-chromatographies were 
separately subjected  to  nitrous  acid  treatment  and  ana- 
lyzed by rechromatography on the same column under the 
same conditions (Fig. 4):  the peak eluting in  position L 
corresponding to band 3 after the thin-layer chromatogra- 
phy, disappeared and the radioactivity instead appeared in 
position IV following nitrous acid treatment (80% yield) 
(Fig. 4 a). The other two peaks were not affected by the ni- 
trous acid treatment (Fig. 4, b and c). In separate experi- 
ments we found that inositol-l-phosphate and inositol-l,2- 
cyclic monophosphate elute in fraction 10, hence little of 
this part of the phosphooligosaccharide molecule had in- 
corporated 32p during a 2-h labeling of cells and that the 
rest of the glycan (eluting in position IV) contains at least 
one  phosphate.  Inositol-l,4-bisph0sphate  also  elutes  in 
fraction 10, demonstrating that the number of phosphate 
groups have little effect on the mobility of carbohydrates 
on the GlycoPak N column. 
The three radiolabeled peaks  (L//, and III)  from the 
GlycoPak N  partition-chromatography were further ana- 
lyzed by gel filtration on Biogel P2. The nitrous acid-sensi- 
tive substance I  eluted with a  hydrodynamic volume be- 
tween  that  of tetraglucose  and  pentaglucose  (Fig.  5  a), 
separate from the other two, which coeluted with higher 
apparent molecular mass (not shown). Nitrous acid treat- 
ment reduced the hydrodynamic volume of substance I to 
between that of tri- and tetraglucose (not shown). When 
the nitrous acid-sensitive (peak/) material was subjected 
to anion-exchange chromatography at pH 6, it was found 
to consist of three differently charged species: nonbound, 
eluting with 0.25 and 0.35 M buffer, respectively (Fig. 5 b), 
maybe reflecting various degrees of phosphorylation. The 
"middle-peak" eluting with 0.25 M buffer was variable and 
absent  in  some preparations.  Mild  acid  treatment  (1  M 
HC1, 30 min at 22°C or 20 mM HC1, 10 min at 100°C)  of 
the  nonbound  species,  caused  it  to  bind  to  the  anion- 
exchanger and then elute at 0.35 M buffer. This may indi- 
cate that the oligosaccharide with inositol cyclic phosphate, 
resulting from the phospholipase treatment, does not bind 
to the anion-exchanger. Opening of the cyclic phosphate 
by the acid can increase its negative charge and thus cause 
it to bind to the anion-exchanger. This is corroborated by 
an increase in the apparent hydrodynamic volume, by gel 
filtration,  of the  phosphooligosaccharide  after  the  mild 
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peaks after partition-chromatography of water-soluble phospholipase C products (Fig. 3) were separately treated with nitrous acid at 
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tions as in Fig. 3; IV, denotes the elution position of radiolabeled nitrous acid-treatment product. Substrates for nitrous acid treatment 
were (a) peak I; (b), peak II; (c), peak III, from the partition-chromatographies in Fig. 3. 
acid treatment  (not shown).  We will refer to the nitrous 
acid sensitive substance I as phosphooligosaccharide. 
SubceUular Localization of Phosphooligosaccharide 
The lipid-bound form of the phosphooligosaccharide was 
localized to domains of the plasma membrane referred to 
as caveolae. These  were  isolated from  adipocyte plasma 
membranes  by utilizing their insolubility in nonionic de- 
tergent and their subsequent ultracentrifugal floatation on 
a  sucrose gradient. Isolation of such a  caveolae-rich frac- 
tion was assessed by the removal of typical plasma mem- 
brane  and  microsomal  proteins  not  present  in  caveolae 
and by the selective enrichment of a caveolar marker pro- 
tein---caveolin. This we determined by direct comparison 
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Figure  5.  Gel  filtration  on 
Biogel  P2  and  anion- 
exchange chromatography of 
1.0  peak  I  from  the  partition- 
chromatography. (a) The ra- 
diolabeled material eluting in 
0.8  position  I  after  partition- 
chromatography (Fig. 3) was 
1~  subjected to gel filtration in 
0.6  6  Biogel P2 (see Materials and 
=  Methods).  Indicated  is  the 
O 
o  void volume (Vo) and elution 
positions  of  oligoglucans  n= 
0.4  t~  with  the  indicated  numbers 
of glucose residues. (b) The 
radiolabeled  material  elut- 
0.2  ing in position I  after parti- 
tion chromatography (Fig. 3) 
was  subjected  to  anion- 
0.0  exchange  chromatography 
on MA7P+ column (see Ma- 
terials and Methods). 
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amount of plasma membranes. By extracting and purifying 
32p-labeled phosphooligosaccharide from the same mem- 
brane  preparations  we  analogously  compared  caveolae 
content  of  phosphooligosaccharide  with  whole  plasma 
membrane content of phosphooligosaccharide. 
We first isolated a  plasma membrane enriched fraction 
and  a  microsomal  fraction  from  [32p]phosphate-labeled 
adipocytes. Caveolae were then isolated by solubilization 
of the plasma membrane fraction with the nonionic deter- 
gent Triton X-100 and sucrose density gradient centrifuga- 
tion. Triton X-100 dissolved most of the membrane pro- 
teins,  <10%  remained  associated  with the  Triton  X-100 
insoluble caveolar fraction. That most of the plasma mem- 
brane fraction's content of proteins was solubilized and re- 
moved from the caveolar fraction is also indicated by SDS- 
PAGE and  Coomassie blue staining.  We have chosen to 
compare  plasma  membrane  proteins  with  caveolar pro- 
teins  obtained  from  an  equal  amount  of plasma  mem- 
branes and not by comparing equal protein loads (Fig. 6 
a). We then analyzed for the presence of [3ZP]phosphooli- 
gosaccharide  in  the  different  membrane  fractions  and 
compared  them  by  analyzing  material  corresponding  to 
the same amount of starting material (Fig. 6 b). The identi- 
fication of the thin-layer chromatography band, from the 
different membrane fractions, with the  phosphooligosac- 
charide was confirmed by gel filtration behavior and sus- 
ceptibility to nitrous acid deamination (not shown). Immu- 
noblotting  after  SDS-PAGE  compared  the  membrane 
fractions  obtained  from comparable amounts  of starting 
material: anti-caveotin antibodies demonstrated the pres- 
ence of caveolin in  the  caveolae fraction  (Fig.  6 c), thus 
further identifying this detergent-insoluble preparation as 
caveolae (Rothberg et al., 1992; Chang et al., 1994; Lisanti 
et al., 1994).  To ascertain that the plasma membranes had 
been completely solubilized by the detergent, we assayed 
for the presence of glucose transporter-1 protein, a largely 
plasma  membrane  localized  protein  (James  and  Piper, 
1994), and for the Na,K-ATPase alpha 2 subunit--a plasma 
membrane and microsomally localized protein (Shyjan and 
Levenson, 1989), in the different membrane fractions (Fig. 
6  c).  Glucose  transporter-1  was  only  detected  in  the 
plasma membrane fraction and the Na,K-ATPase alpha 2 
subunit  in  the  plasma  membrane  and  microsomal  frac- 
tions, with neither protein detectable in the caveolae (Fig. 
6 c). We also analyzed for glucose transporter-4 protein, 
which has been localized mainly to the  microsomal frac- 
tion  of  non-insulin-stimulated  adipocytes  (James  and 
Piper,  1994).  We  found  this  protein  in  the  microsomal 
fraction and just detectable in the plasma membrane frac- 
tion  (Fig.  6  c),  thus  limiting  a  contamination  of plasma 
membranes by microsomes to a low level. 
By densitometric scanning of chromatograms (Fig. 6, b 
and c) the ratio of phosphooligosaccharide to caveolin was 
found to be similar in the caveolae-rich fraction and in the 
plasma  membrane  preparation,  indicating  that  much  of 
the phosphooligosaccharide in the plasma membrane will 
be associated with caveolae, since caveolin is a marker for 
this  plasma  membrane  structure.  To  further  verify  the 
presence  of the  phosphooligosaccharide  in  caveolae  we 
prepared  caveolae  also  from  a  highly  purified  plasma 
membrane preparation.  The purified plasma membranes 
are directly compared with the caveolae-rich fraction, pre- 
pared  from an  equal  amount  of plasma membranes and 
not by protein load, by SDS-PAGE/immunoblotting, and 
by thin-layer chromatography (Fig. 6 d): 8% of the plasma 
Figure 6.  Subcellular localization of lipid-bound  [32p]phosphooligosaccharide in adipocytes. Adipocytes were prelabeled with [32p]phos- 
phate, homogenized and plasma membrane, caveolae, and microsomal fractions prepared as described in Methods.  (a) SDS-PAGE (9% 
acrylamide) of caveolae (lane 1) and plasma membranes (lane 2), from equal amounts of cells, were stained for proteins with Coomassie 
blue. Indicated are the positions of molecular mass reference proteins (kD). (b) Subcellular fractions from equal amounts of cells were 
extracted and lipid-bound  [s2p]phosphooligosacharide  was purified  by succesive thin layer chromatographies, treated with phosphati- 
dylinositol-specific phospholipase  C as described  and subjected  to thin-layer chromatography as in Fig. 2 c. Arrow indicates position of 
phosphooligosaccharide.  Lane 1, caveolae fraction; lane 2, plasma membrane fraction; lane 3, microsomal fraction.  (c) Subcellular frac- 
tions  (caveolae/plasma  membrane/microsomes, 1:1:2) were subjected  to SDS-PAGE and immunoblotted with monoclonal  antibodies 
against caveolin (Caveolin), glucose transporter-4 (GLUT-4), glucose transporter-1  (GLUT-I), or Na,K-ATPase alpha 2 subunit (Na,  K- 
A TPase). Lane 1, caveolae fraction; lane 2, plasma membrane fraction; lane 3, microsomal fraction. (d) Plasma membranes were further 
purified  by density  gradient centrifugation  and caveolae prepared from these (see  Materials  and Methods).  Caveolae (lane  1) and 
plasma membranes (lane 2), from equal amounts of cells, were analyzed as above. 3:p-labeled phosphooligosaccharide  (top) and caveo- 
lin (bottom). 
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was recovered in caveolae, hence there was an eightfold 
enrichment of caveolin in the detergent insoluble caveolae 
fraction compared to purified whole plasma membranes. 
This purification and yield of caveolin in the caveolae frac- 
tion is comparable to reported findings with chicken gizzard 
smooth muscle (Chang et al., 1994). For the phosphooli- 
gosaccharide there was 25 % recovery in the caveolae-rich 
fraction and a threefold enrichment over the plasma mem- 
branes. The Na,K-ATPase alpha 2 subunit was  detected 
by immunoblotting in the plasma membranes, but again 
not  in  the  caveolae-rich fraction  (not  shown).  The  mi- 
crosomal  fraction  (endoplasmic  reticulum,  golgi,  endo- 
somes, etc.) contained from one to two thirds (in different 
preparations) of the cellular content of lipid-bound [32p]phos- 
phooligosaccharide (Fig. 6 b). 
Isolation of [3HlPhosphooligosaccharide  from 
[3H]Galactose-labeled Hepatoma Cells 
With  hepatoma cells in culture, that were metabolically 
labeled with [3H]galactose (Fig. 1), we got the same over- 
all  results  as with  [32p]phosphate-labeling of adipocytes. 
However, in this case only a very small fraction (ca 5%) of 
the labeled material obtained after the successive thin-layer 
chromatographies  was  susceptible  to  hydrolysis  by  the 
phosphatidylinositol(glycan)-specific phospholipase  C  (Fig. 
7), and only a fraction of thus released material represents 
the nitrous acid-sensitive phosphooligosaccharide (Fig. 8). 
When the material that partitioned into the water phase 
after the phospholipase treatment (Fig. 7 b, filled symbols) 
was subjected to the column partition-chromatography (Gly- 
coPac N) three peaks of radioactivity were eluted (Fig. 8 
a). The peaks in positions H and III corresponded to those 
labeled with [3~p]phosphate in adipocytes (Fig. 3, b and c). 
The peak  in fraction 9  also concealed the much smaller 
peak  of position I  (Fig.  8  a)  [corresponding to the  32p_ 
labeled peak in position I obtained with adipocytes (Fig. 3 
a)] as is shown next. 
The similarity or identity of the 3H-labeled with the 32p_ 
labeled adipocyte material eluting in position I by Glyco- 
Pak N  partition chromatography is  demonstrated by its 
susceptibility to nitrous acid-cleavage, which converts both 
to elute at position IV (Figs. 4 a and 8 b). The majority of 
radiolabel peaking in fraction 9 was not affected by the ni- 
trous acid (Fig. 8 c), demonstrating that peak I material is 
hidden under the comparatively large amounts of radioac- 
tivity eluting just ahead of it. The 3H-labeled materials of 
positions H  and III were not affected by the nitrous acid 
(not shown), similarly to their 32p-labeled counterparts. 
Insulin-like Biological Activity of 
Phosphooligosaccharide 
To test the substance eluting in position I by the GlycoPak 
N  partition-chromatography  for  insulin-like  effects,  we 
prepared material from rat livers on a  preparative scale 
and subjected it to the phospholipase hydrolysis. After col- 
umn partition-chromatography we assayed the eluate for 
effects on protein phosphorylation in rat adipocytes. Elut- 
ing in position I  we found stimulation to increased phos- 
phorylation (by 174 _+ 20% of control, mean +  SE, n  =  3) 
of a  protein of apparent molecular mass  116  kD  (ATP- 
citrate lyase) and decreased phosphorylation (to 65 _+ 2% 
of control, mean +  SE, n  =  3) of 84 kD (hormone-sensi- 
tive lipase) (Fig. 9 a), characteristic of insulin action (in- 
creased to 188 +  19% and decreased to 68 _+ 7%, respec- 
tively, mean _+ SE, n  =  4) (Alemany et al., 1987; Strhlfors 
and Honnor, 1989).  No other fractions exhibited this ef- 
fect. 
Insulin also has a strong, and physiologically paramount, 
ability to counteract the effects of cyclic AMP elevation 
(Fig.  9  b)  (Alemany et al.,  1987;  Strhlfors and  Honnor, 
1989). This cyclic AMP counter-effect of insulin was also 
reproduced by the substance  eluting in position I: when 
the adipocytes were stimulated with isoproterenol several 
proteins showed an  increased phosphorylation (116 kD, 
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Figure 7.  Thin-layer chroma- 
tography of polar lipid extract 
from  3H-labeled  hepatoma 
cells.  Confluent  hepatoma 
cells  were  incubated  with 
[3H]galactose, lipids were ex- 
tracted  and  subjected  to  a 
first  acidic  thin-layer  chro- 
matography  as  described  in 
Methods.  (a)  Second  thin- 
layer chromatography  in ba- 
sic  mobile  phase.  The indi- 
cated  area was then scraped 
off the plate and subjected to 
treatment  with  phosphati- 
dylinositol(glycan)-specific 
phospholipase  C.  (b)  After 
two-phase  partition  water- 
soluble  (filled symbols) and 
lipid-soluble (open  symbols) 
products  were  separately 
subjected to chromatography 
in basic mobile phase. 
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Figure 8.  Partition-chromatography on GlycoPak N column of [3H]galactose-labeled  water-soluble products of phospholipase. (a) The 
water-soluble products after phosphatidylinositol(glycan)-specific phospholipase C hydrolysis were subjected to HPLC partition-chro- 
matography on GlycoPak N (see Materials and Methods). (b) 3H-labeled  peak I (fraction 11) or; (c) fraction 9-peak, were separately 
treated with nitrous acid at pH 4.0 (see Materials and Methods) and rechromatographed on the GlycoPak N column. I, H, III, and IV 
denote the elution positions of 32p-labeled material as in Figs. 3 and 4. 
Figure 9.  Effect of phosphooligosaccharide on the state of phos- 
phorylation of target proteins  of insulin.  The phosphooligosac- 
charide was isolated from rat livers (see Materials and Methods) 
and subjected to partition-chromatography (GlycoPak N).  The 
material eluting in position I was assayed for its insulinomimetic 
activity on the state of phosphorylation, in intact adipocytes, of 
target proteins of insulin (see Materials and Methods). Shown are 
autoradiographs after SDS-PAGE of total adipocyte proteins. (a) 
Effects of consecutive fractions on protein phosphorylation: frac- 
tion 9 (lane 1), fraction 10 (lane 2), fraction 11 =  peak position I 
(lane 3), fraction 12 (lane 4) and fraction 13 (lane 5). (b) Effects 
of position 1 substance (fraction 11) on isoproterenol-stimulated 
protein phosphorylation (lane 3), control without position I sub- 
stance (lane 2) and without isoproterenol or position I substance 
(lane 1), to be compared to control without additions (lane 4) and 
with isoproterenol  (lane 5) and with  isoproterenol plus insulin 
(lane 6). Indicated are the positions of the following marker pro- 
perilipin;  47  kD,  unidentified  protein)  (Fig.  9  b).  The in- 
creased  phosphorylation  of these  was blocked  by the  si- 
multaneous presence of the substance eluting in position I 
(Fig. 9 b). Since both cyclic AMP and insulin increase the 
phosphorylation of the 116 kD-protein, this effect was not 
blocked. Again no other fractions exhibited this property. 
Intracellular Accumulation  of Phosphooligosaccharide 
in Response to Insulin 
We isolated  [32p]phosphooligosaccharide from the water- 
.soluble substances of the cytosolic fraction of adipocytes, 
after various time periods of stimulation of the intact cells 
with  insulin.  Following gel filtration  of cytosolic extracts 
we  analyzed for the  amount  of [32p]phosphooligosaccha- 
ride by GlycoPak N partition-chromatography (peak posi- 
tion  I,  identified  as  the  phosphooligosaccharide  below). 
The intracellular level of the phosphooligosaccharide rose 
rapidly  (within  2  min)  following  insulin  addition  to  the 
cells and then decreased, but appeared to remain at an ele- 
vated level (Fig. 10). 
We could isolate some [32p]phosphooligosaccharide also 
from the cell incubation medium, but if care was taken to 
minimize the amount of broken cells only little  phospho- 
oligosaccharide was recovered in the incubation medium. 
With insulin-stimulated cells: <10% of total [32p]phospho- 
oligosaccharide was recovered in the medium of carefully 
teins: myosin (205 kD), 13-galactosidase (116 kD), glycogen phos- 
phorylase (97 kD), bovine serum albumin (67 kD) and ovalbumin 
(43 kD).  Also indicated  are  adipocyte proteins  whose state  of 
phosphorylation is affected (see text). 
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Figure 10.  Time course for insulin-stimulated  peak I accumula- 
tion in adipocytes.  Adipocytes preincubated with [32p]phosphate 
were stimulated with 1 nM insulin at time zero. Samples were with- 
drawn  before and at the indicated  time-points after addition  of 
insulin. Sampled cells were extracted as described in Methods. The 
cytosolic  fractions were isolated,  gel  filtered  and samples sub- 
jected to partition-chromatography on GlycoPak N, which iso- 
lated the phosphooligosaccharide  from the bulk of radioactive 
material. Peaks of radioactivity that eluted in position I were inte- 
grated and the amount of phosphooligosaccharide  expressed as % 
of nonstimulated  value (mean of two separate experiments ± SD). 
handled cells as compared to all cells broken by ultrasoni- 
cation  (set to  100%).  Total cytosolic volume is  <1%  of 
medium volume, hence the intracetlular concentration of 
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the  extracellular  concentration.  Since  it  is impossible  to 
avoid breaking some cells this indicates that much of the 
radiolabeled water-soluble phosphooligosaccharide recov- 
ered in the cell incubation medium was released from bro- 
ken cells. 
Characteristics of  Phosphooligosaccharide Generated in 
Response to Insulin 
The 32p-labeled position I  (GlycoPak N  chromatography) 
substance  from the  cytosolic  cell-fraction  had  the  same 
chromatographic characteristics on gel filtration (Fig. 11 a) 
and  anion-exchange  chromatography  (Fig.  11  b)  as  the 
phosphatidylinositol  glycan-derived  phosphooligosaccha- 
ride isolated from the lipid fraction of cells (Fig. 5). The 
"middle-peak" eluting with 0.25 M buffer by ion-exchange 
chromatography, was variable and absent in some prepa- 
rations. Peak I obtained from cytosolic fraction of control 
cells or insulin-stimulated cells had the same ion-exchange 
chromatographic distribution (not shown), indicating that 
the same phosphooligosaccharides are present before and 
after insulin stimulation, only the amount is increased. The 
32P-labeled phosphooligosaccharide, isolated from the cy- 
tosolic fraction of cells, was sensitive to nitrous acid deam- 
ination that caused it to elute at position IV by partition- 
chromatography (GlycoPak N) (Fig. 12), identically to the 
behavior of the  lipid-derived  oligosaccharide  (Figs.  4  a 
and 8 b). 
Discussion 
The findings herein conclusively demonstrate that in insu- 
lin-sensitive cells there exist phosphatidylinositol glycans, 
as  demonstrated  by phosphatidylinositol(glycan)-specific 
phospholipases C and D  catalyzed hydrolysis and labeling 
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Figure 11.  Gel filtration  and 
anion-exchange  chromatog- 
raphy of peak I from the par- 
tition-chromatography  of 32p_ 
labeled  material  isolated 
from the cytosolic fraction of 
adipocytes.  The radiolabeled 
material that elnted in posi- 
tion I after partition-chroma- 
tography was subjected to (a) 
gel  filtration  in  Biogel  P2 
(see Materials and Methods). 
Indicated is the void volume 
and  elution  positions  of oli- 
goglucans with the indicated 
numbers of glucose residues. 
(b)  The  same  material  was 
subjected  to anion-exchange 
chromatography on  MA7P+ 
column  (see  Materials  and 
Methods). 
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Figure 12,  Partition-chromatography on GlycoPak N of cytosolic 
phosphooligosaccharide  (peak/) after nitrous  acid deamination. 
[32p]Phosphooligosaccharide isolated  as described  in Fig. 10 was 
treated with nitrous  acid  (see  Materials  and Methods)  and re- 
chromatographed on the GlycoPak column. I denotes the origi- 
nal elution position of untreated phosphooligosaccharide  and IV 
denotes the elution position after nitrous acid deamination as de- 
fined in Fig. 4. 
contains  hexosamine, with a  free amino-group, in glyco- 
sidic linkage and one or more phosphates. The settlement 
of this is critical in establishing a molecular foundation for 
the involvement of phosphoinositol glycan/phosphooligosac- 
charide  in  insulin  action,  possibly  as  signal  transducer. 
These findings thus refute recent reports that such struc- 
tures are nonexistent or cannot be detected after metabolic 
labeling of cells (Deeg et al., 1992; Whatmore et al., 1993). 
Our results are reproducible, although relative amounts of 
labeling  of  different  peaks  varied  from  preparation  to 
preparation. 
Our  results  show  that  the  nitrous  acid-sensitive  phos- 
phooligosaccharide  is  capable  of eliciting  an insulin-like 
response  in  terms  of phosphorylation  changes  in  target 
proteins--the ultimate event in the insulin signal transduc- 
tion chain--which is a crucial property for a potential sec- 
ond messenger of the hormone. It is pertinent to point out 
here that the biological activity (in our intact cell assay sys- 
tem) of the phosphooligosaccharide is quite unstable (with 
an estimated half-life of less than one day), perhaps be- 
cause the cyclic phosphate, which is the immediate prod- 
uct of the phospholipase C reaction, is unstable and hydro- 
lyzes to monoesterified phosphate. 
Generation  and  accumulation  of the  phosphooligosac- 
charide in adipocytes in response to insulin stimulation is 
another crucial property for a potential second messenger 
of the hormone. It is also a strong indication that insulin 
activates a  phosphatidylinositol  glycan-specific phospho- 
lipase  in  the  adipocyte,  since  we  can  isolate  the  same 
substance  by phospholipase  treatment  of a  cell lipid ex- 
tract (presumably from parent precursors of the insulin- 
released phosphooligosaccharide). 
When care was exerted in handling cells, to avoid break- 
ing them, we could only recover little of the phosphooli- 
gosaccharide from the incubation medium of the adipocytes 
and  the  intracellular  concentration  of phosphooligosac- 
charide was >1,000 times the extracellular concentration. 
Previous  findings  have  suggested  that  the  phosphooli- 
gosaccharide is generated at the cell surface (Machicao et 
al.,  1990;  Romero  et  al.,  1990;  Str~ilfors  and  Alemany, 
1990;  Varela  et  al.,  1990).  If this  is  correct,  the  present 
findings indicate that the uptake mechanism is very effi- 
cient  and  that the  oligosaccharide  is unlikely to act as a 
paracrine  signal  as has been proposed.  Such  an efficient 
uptake  of insulin-generated  phosphooligosaccharide  can 
be explained by its localization to caveolae. These plasma 
membrane domains have been implicated in receptor and 
non-receptor-mediated  uptake  into  the  cytoplasm,  thus 
avoiding the  coated-pit-mediated uptake  into  lysosomes 
(Anderson  et  al.,  1992).  The  localization  of  the  lipid- 
bound  phosphooligosaccharide  to  caveolae  adds  to  the 
suspicion that caveolae functions  as some kind  of signal 
generating regions of the plasma membrane (Anderson et 
al., 1992; Sargiacomo et al., 1993; Chang et al., 1994; Lisanti 
et al., 1994).  The localization of adipocyte insulin uptake 
and  insulin  receptors  to  micropinocytotic  invaginations 
(Goldberg et al., 1987), which may represent caveolae, to- 
gether with findings supporting the notion that insulin sig- 
naling  occurs after receptor internalization  (Kublaoui et 
al., 1995),  offer interesting possibilities for the phosphooli- 
gosaccharide and its generation.  A  large fraction of 32p_ 
labeled  cellular lipid-bound  phosphooligosaccharide  was 
associated with the microsomal fraction, which may repre- 
sent  substance  en route  from its site of synthesis to the 
plasma membrane (quantitative comparisons between mi- 
crosomal and plasma membrane phosphooligosaccharide 
cannot be made, however, since cells were labeled for 2 h 
only and  steady-state  labeling may not  necessarily have 
been reached). 
The  intracellular  level  of the  phosphooligosaccharide 
was  rapidly  elevated  by  insulin  stimulation,  reaching  a 
peak between 2 and 5 min. It then fell over a 5-min period 
and appeared to remain at an elevated level. It is interest- 
ing that this is very similar to the behavior of a well-estab- 
lished hormonal second messenger in response to agonist 
stimulation:  the  cylic AMP  response  after isoproterenol 
stimulation  of adipocytes  (Strhlfors  and  Honnor,  1989). 
This time-dependent increase of intracellular phosphooli- 
gosaccharide is also compatible with the  time course for 
insulin's effects on protein phosphorylation in adipocytes, 
which exhibited half-maximal effects at 5 min (Alemany et 
al., 1987);  yet another crucial property for a potential sec- 
ond messenger of insulin. 
Technical assistance by B. Olsson, H. Borgstrand, and L. Karimi Rad is 
gratefully acknowledged. 
Financial support was obtained from Osterg6tland County Council's 
Medical  Research Funds. Santiago Parpal is recipient of a Swedish Insti- 
tute European Council Scholarship. 
Received for publication 14 June 1994 and in revised form 31 March 1995. 
References 
Alemany, S., J. M. Mato, and P. Str~tlfors. 1987. Phospho-dephospho-control  by 
insulin  is  mimicked  by  a  phospho-oligosaccharide  in  adipocytes.  Nature 
(Lond.).  330:77-79. 
Anderson, R. G. W., B. A. Kamen, K. G. Rothberg, and S. W. Lacey. 1992. Po- 
The Journal of Cell Biology, Volume 131, 1995  134 tocytosis: sequestration and transport of small molecules by caveolae. Sci- 
ence (Wash. DC). 255:41(~411. 
Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of mi- 
crogram quantities of protein utilizing the principle of protein-dye binding. 
Anal Biochem. 72:248-254. 
Chang, W. J., Y. S. Ying, K. G. Rothberg, N. M. Hooper, A. J. Turner, H. A. 
Gambliel, J.  D.  Gunzburg,  S.  M.  Mumby, A.  G.  Gilman, and  R.  G.  W. 
Anderson. 1994. Purification and characterization of smooth muscle cell ca- 
veolae. J. Cell BioL 126:127-138. 
Deeg, M. A., N. R. Murray, and T. L. Rosenberry. 1992. Identification of gly- 
coinositol phospholipids in rat liver by reductive radiomethylation of amines 
but not in H4IIE hepatoma cells or isolated hepatocytes by biosynthetic la- 
beling with glucosamine. J. BioL Chem. 267:18581-18588. 
Egan, S. E., and R. A. Weinberg. 1993. The pathway to signal achievement. Na- 
ture (Lond.). 365:781-783. 
Ferguson, M. A. J.  1988. Identification of glycosyl-phosphatidylinositol  mem- 
brane anchors by fatty acid labeling. In  Post-translational modification of 
proteins by lipids. U.  Brodbeck and C. Bordier, editors. Springer-Verlag, 
Berlin. 1-8. 
Gaulton, G. N. 1991. Differential regulation of glycosylated phosphatidylinosi- 
tol subtypes by insulin. Diabetes. 40:1297-1304. 
Goldberg, R. I., R. M. Smith, and L. Jarett. 1987.  Insulin and alpha-2-micro- 
globulin-methylamine undergo endocytosis by different mechanisms in rat 
adipocytes, comparison of cell surface events. J. Cell PhysioL 133:203-212. 
Gottschalk, W.  K.  1992.  Relationship between insulin-mediated turnover of 
glucosamine-labeled lipids and activity of the insulin receptor tyrosine ki- 
nase. Arch. Biochem. Biophys. 299:137-146. 
James, D. E., and R. C. Piper. 1994. Insulin resistance, diabetes, and the insulin- 
regulated trafficking of GLUT-4. J. Cell BioL 126:1123-1126. 
Jarett, L., F. L. Kiechle, D. A. Popp, and N. Kotagal. 1981. Role of chemical 
mediator of  insulin action in  the  control  of  phosphorylation. In  Protein 
Phosphorylation. O. M. Rosen and E. G. Krebs, editors. Cold Spring Harbor 
Laboratory, Cold Spring Harbor, NY. 715-726. 
Karnieli, E, M. J. Zarnowski, P. J. Hissin, 1. A. Simpson, L. B. Salans, and S. W. 
Cushman.  1981.  Insulin-stimulated translocation of glucose transport sys- 
tems in the isolated rat adipose cell. Z BioL Chem. 256:4772-4777. 
Kelly, K. L., J. M. Mato, and L. Jarett. 1986. The polar head group of a novel in- 
sulin-sensitive  glycophospholipid mimics insulin action on phospholipid me- 
thyltransferase. FEBS Lett. 209:238-242. 
Kelly, K. L., I. Merida, E. H. A. Wong, D. DiCeuzo, and J. M. Mato. 1987a. A 
phospho-oligosaccharide mimics the effect of insulin to inhibit isoprotere- 
nol-dependent phosphorylation of phospholipid methyltransferase in iso- 
lated adipocytes. J. BioL Chem. 262:15285-15290. 
Kelly, K. L., J. M. Mato, I. Merida, and L. Jarett. 1987b. Glucose transport and 
antilipolysis are differentially regulated by the polar head group of an insu- 
lin-sensitive  glycophospholipid. Proc. Natl. Acad. Sci. USA. 84:64~07. 
Kublaoui, B., J. Lee, and P. F. Pilch. 1995. Dynamics of signaling  during insulin- 
stimulated endocytosis of its receptor in adipocytes. J. BioL Chem. 270:59-65. 
Lamer, J., K. Cheng, L. Huang, and G. Galasko. 1981. Insulin mediators and 
their control of covalent phosphorylafion. In Protein Phosphorylation. O. M. 
Rosen  and  E.  G.  Krebs,  editors.  Cold  Spring Harbor  Laboratory,  Cold 
Spring Harbor, NY. 727-733. 
Lisanti, M.  P.,  P.  E.  Scherer, J.  Vidugiriene, Z. L. Tang,  A.  Hermanowski- 
Vosatka, Y. H. Tu, R. F. Cook, and M. Sargiacomo. 1994. Characterization 
of  caveolin-rich  membrane  domains  isolated  from  an  endothelial-rich 
source: implications for human disease. J. Cell Biol. 126:111-126. 
Macaulay, S. L., and R.  G. Larkins. 1990.  Isolation of insulin-sensitive phos- 
phatidylinositol-glycan from rat adipocytes, its impaired breakdown in the 
streptozotocin-diabetic rat. Biochem. Z 271:427-435. 
Machicao, F., J. Mushack, E. Seffer, B. Ermel, and H. U. Hiiring. 1990. Man- 
nose, glucosamine and inositol monophosphate inhibit the effects of insulin 
on lipogenesis. Biochem. J. 266:909-916. 
Mato, J. M., K. L. Kelly, A. Abler, and L. Jarett. 1987a. Identification of a novel 
insulin-sensitive  glycophospholipid from H35 hepatoma cells. Z BioL Chem. 
262:2131-2137. 
Mato, J. M., K. L. Kelly, A. Abler, L. Jarett, B. E. Corkey, J. A. Cashel, and D. 
Zopf. 1987b. Partial structure of an insulin-sensitive  glycophospholipid. Bio- 
chem. Biophys. Res. Commun. 146:764-770. 
McKeel,  D.  W.,  and  L.  Jarett.  1970.  Preparation  and  characterization of  a 
plasma membrane fraction from isolated fat cells. Z  Cell BioL 44:417-432. 
Merida, I., F. J. Corrales, R. Clemente, J. M. Ruiz-Albusac, M. Villalba, and J. M. 
Mato.  1988.  Different phosphorylated forms of an insulin-sensitive glyco- 
sylphosphatidylinositol  from rat hepatocytes. FEBS Lett. 236:251-255. 
Oka, Y., and M. Czech. 1984. Photoaffinity labeling of insulin-sensitive hexose 
transporters in intact rat adipocytes, direct evidence that latent transporters 
become exposed to the extracellular space in response to insulin. J.  BioL 
Chem. 259:8125-8133. 
Romero, G., G. G~imez, L. C. Huang, K. Lilley, and L. Lutrell. 1990. Anti-ino- 
sitolglycan antibodies selectively block some of the actions of insulin in in- 
tact BC3H1 cells. Proc. NatL Acad. Sci.  USA. 87:1476-1480. 
Rosenberry, T. L., J. P. Toutant, R. Haas, and W. L. Roberts. 1989. Identifica- 
tion and analysis of glycoinositol phospholipid anchors in membrane pro- 
teins. Methods Cell BioL 32:231-255. 
Rothberg, K. G., J. E. Heuser, W. C. Donzell, Y. S. Ying, J. R. Glenney, and 
R. G. W. Anderson. 1992. Caveolin, a protein component of caveolae mem- 
brane coats. Cell. 68:673-682. 
Saltiel, A. R., and P. Cuatrecasas. 1986. Insulin stimulates the generation from 
hepatic  plasma  membranes  of  modulators  derived  from  an  inositol gly- 
colipid. Proc. NatL Acad. Sci.  USA. 83:5793-5797. 
Sargiacomo, M., M. Sudol, Z. L. Tang, and M. P. Lisanti. 1993. Signal transduc- 
ing molecules and glycosyl-phosphatidylinositol-linked  proteins form a cave- 
olin-rich insoluble complex in MDCK cells. Z  Cell BioL 122:789--807. 
Shyjan, A. W., and R. Levenson. 1989. Antisera specific for the alpha 1, alpha 2, 
alpha 3, and beta subunits of the Na,K-ATPase: differential expression of al- 
pha and beta subunits in rat, tissue membranes. Biochemistry. 28:4531--4535. 
Str~ifors, P. 1988. Insulin stimulation of glucose uptake can be mediated by dia- 
cylglycerol  in adipocytes. Nature (Lond.). 335:554-556. 
Strttlfors, P.,  and R.  C. Honnor.  1989.  Insulin-induced dephosphorylation of 
hormone-sensitive lipase, correlation with lipolysis and cAMP-dependent 
protein kinase activity. Eur. J. Biochem. 182:379-385. 
Strltlfors, P., and S. Alemany. 1990. Phosphorylation control by insulin in adipo- 
cytes is interfered with at a post-receptor step by phosphoinositol and glu- 
cosamine. FEBS Lett. 268:169-172. 
Suzuki, S., K. Sugawara, Y. Satoh, and T. Toyota. 1991. Insulin stimulates the 
generation of two putative insulin mediators, inositol-glycan and diacylglyc- 
erol in BC3H-1 myocytes. J. BioL Chem. 266:8115-8121. 
Thomas, J. R., R. A. Dwek, and T. W. Rademacher. 1990. Structure, biosynthe- 
sis,  and  function  of  glycosylphosphatidylinositols. Biochemistry.  29:5413- 
5422. 
T/Srnkvist, A., S. Parpal, J. Gustavsson, and P. Strhlfors. 1994. Inhibition of Raf- 
1 kinase expression abolishes insulin stimulation of DNA synthesis in H4IIE 
hepatoma cells. J. BioL Chem. 269:13919-13921. 
Varela, I., J.  F.  Alvarez, R.  Clemente, J. M.  Ruiz-Albusac, and J. M. Mato. 
1990. Asymmetric distribution of the phosphatidylinositol-linked  phospho- 
oligosaccharide that mimics insulin action in the plasma membrane. Eur J. 
Biochem.  188:213-218. 
Whatmore, A. L, A. J. Bate, and A. J. Dickson. 1993. Glycolipids isolated from 
cultured rat hepatocytes: analysis of their role in insulin signal transduction. 
Cell Signalling. 5:21-32. 
White, M. F., and C. R. Kahn. 1994. The insulin signaling  system. ,L BioL Chem. 
269:1-4. 
Parpal et al. Phosphooligosaccharide  in Insulin Action  135 